De novo synthesis of long double-stranded DNA constructs has a myriad of applications in biology and biological engineering. However, its widespread adoption has been hindered by high costs. Cost can be significantly reduced by using oligonucleotides synthesized on high-density DNA chips.
INTRODUCTION
Gene synthesis has been used in applications as diverse as decoding the genetic code (Nirenberg and Matthaei, 1961) , screening industrially useful enzymes discovered through environmental metagenomic sequencing (Bayer et al., 2009) , and building custom pathways and genomes (Tian et al., 2004; Ro et al., 2006; Hanai et al., 2007; Gibson et al., 2008) . Unfortunately, despite the rapid decrease in the cost of synthesizing short single-stranded oligonucleotides, synthesis of double-stranded gene-sized fragments remains too expensive for ubiquitous adoption by academic laboratories (Carr and Church, 2009 ). To make large-scale synthesis cheaper, we have recently developed a set of techniques, which allow assembly of DNA from commercially available high-density oligonucleotide chips into gene-sized 500-to 800-bp fragments (Kosuri et al., 2010) . Specifically, we showed that PCR could be used to separate the DNA synthesized on a chip into subsets (or, as we will refer to them from here on, subpools) consisting of only the oligonucleotide species necessary to build one particular gene-sized fragment. These methods use inexpensive sources of DNA and require no specialized instrumentation or expertise that cannot be found in a typical molecular biology laboratory.
The major stages of our synthesis pipeline are computational design, chip synthesis, serial PCRs that isolate the oligonucleotides necessary to build each construct, and assembly of the constructs. The key principle is that well-designed primers can amplify a desired subset of oligonucleotides and, thereby, dilute the undesired DNA to the point where it does not interfere with the downstream gene assembly reaction. An off-chip pool (see Figure 1 A schematic of the features present on each off-chip oligonucleotide. The gene-coding regions of the oligonucleotides within each assembly subpool partially overlap, allowing them to be assembled into the full-length construct using a high-fidelity polymerase. The gene-coding region is flanked by BtsI cut sites that permit enzymatic removal of the subpool-specific priming sites. The gene-coding region is also flanked by a pair of assembly-specific priming sites, which are shared by all the oligonucleotides within a particular assembly subpool. The assembly-specific priming sites are, in turn, flanked by a pair of plate-specific priming sites common to all the oligonucleotides within a particular plate-specific subpool. Table 1 for nomenclature) consists of oligos with a gene-coding region flanked by nested subpool-specific sequences and a restriction enzyme recognition site for removing the priming sequences (Fig. 1) . The subpool-specific sequences act as barcodes for selecting subsets of oligos. Each pair of assembly-specific priming sites is shared by all the oligonucleotides needed to build a particular construct; in turn, each pair of plate-specific subpool priming sites is shared by all the oligos necessary to build 96 constructs. Another pair of primers-the construction primers-are used to amplify the full-length construct.
We have developed a software tool called GASP (Gene Assembly by Subpool PCR) that deconstructs a given set of genes to generate the sequences of oligonucleotides for synthesis on a chip. Using GASP for chip design is described in Basic Protocol 1. Once the oligonucleotides have been designed, synthesized, and cleaved off the chip surface, the off-chip pool is divided into aliquots among plate subpool amplification reactions (Fig. 2) . After the PCR, each plate subpool is divided into aliquots into a 96-well plate. Following the addition of assembly-specific primers, another amplification is performed, at which point a restriction enzyme is used to cleave off the priming sites. Basic Protocol 2 provides directions for amplifying the plate and assembly subpools, and Basic Protocol 3 describes the enzymatic removal of priming sites. A polymerase is used to assemble the oligos into the full-length construct, and the assemblies are amplified using the construction primers (which are not necessarily unique for the assembly subpool), as described in Basic Protocol 4. Figure 2 A schematic of the gene synthesis workflow's liquid handling steps (left) and the oligonucleotide processing steps (right). In the left half of the schematic, each off-chip oligonucleotide is drawn as a horizontal line with vertical lines used to indicate the plate and assembly subpool-specific priming sites. After the DNA chip has been synthesized and the oligonucleotides have been cleaved off the array surface, plate-subpool-specific primers are used to amplify only the oligonucleotides needed to build 96 assemblies. In the drawing, the primer pair "F" amplifies all the oligonucleotides that make up plate subpool "F." The plate subpool is then divided into aliquots among the wells of a 96-well plate. Assembly subpools are amplified with assemblyspecific primers. In the figure, assembly-specific primers "2" amplify subpool F2, which consists of ten double-stranded fragments (F2.i-F2.x). The assembly subpool-specific priming sites are removed via a restriction digest, and a polymerase assembles the overlapping fragments into full-length constructs. Last, full-length constructs are amplified by a pair of construction primers.
BASIC PROTOCOL 1

OLIGONUCLEOTIDE DESIGN AND SYNTHESIS
Each construct to be built must be split up into short overlapping fragments. Each fragment must, in turn, be flanked by the assembly-and plate-specific subpool priming sequences, as well as restriction sites for removing the priming sequences (Fig. 1) . We have automated these design steps with Biopython scripts (Cock et al., 2009 ). This software can be either run from a server (http://synbiosis.med.harvard.edu:8080/gaspserver.rpy) or as a script on any computer that has the Biopython package installed (current and all future versions of GASP can be found at https://bitbucket.org/skosuri/gasp/overview). The protocol below describes using the server version.
Materials
Computer with a Web browser List of sequences to be built (in FASTA format) (e.g., "REVector": ["BtsI","BsmBI"] 4. Click Submit. An e-mail will be sent to the provided email confirming initiation of the run. Once the run is complete, two more emails should arrive. The first one will contain a report that contains: (1) The sequences to be synthesized on the DNA chip in FASTA format; (2) The plate-specific, position-specific, and construction primers needed to build the set of assemblies; (3) The plate-specific, position-specific, and construction primers that correlate with each individual assembly. The second e-mail will contain a FASTA file that contains the sequences that should be synthesized on the DNA chip.
Ordering DNA 5. Synthesize a DNA chip using the chip oligonucleotide sequences designed by GASP.
We have validated and extended this protocol using Agilent's Oligo Library Synthesis (OLS) platform , though we have also been able to build genes using DNA from LC Sciences (Borovkov et al., 2010) and CustomArray (Liu et al., 2006) .
6. Order the plate-specific, position-specific, and construction primers listed in the output email from a commercial vendor (such as Integrated DNA Technologies or Sigma-Aldrich). If the chip has been designed for more than 48 assemblies, it is usually convenient to synthesize the oligos in a 96-well format. If that is the case, 
PCR AMPLIFICATION OF OLIGONUCLEOTIDE SUBPOOLS
This set of protocols describes going from a pool of off-chip oligonucleotides to 96-well plates containing a different assembly subpool in each well. We have found that while the experimental procedures are technically simple, the logistics can sometimes present a challenge. We highly recommend that each researcher thoroughly understand the logic behind the subpool amplification scheme (as shown in Fig. 2 ) before starting the procedure. The quantities provided in the protocol are enough to go from an off-chip pool to one plate-subpool, and then from that one subpool to 96 assembly subpools. The volumes used should be scaled in accordance with the actual number of assemblies being built.
Subpool amplification and assembly steps are punctuated with numerous reaction cleanup steps. Their primary purpose is to remove enzymes, unused primers, dNTPs, and salts. At some points of the protocol they have the additional role of concentrating the DNA. Since the protocol necessitates handling 96-well plates of reactions, it practical to use vacuum manifold-driven 96-well column plates. Although not described in this unit, we are currently working integrating the less expensive magnetic bead-based cleanups into our workflow (Hawkins et al., 1994; Rudi et al., 1997; Wiley et al., 2009 ).
Materials
Array-synthesized library 100× TE buffer (Sigma-Aldirch, cat. no. T9285) Plate subpool-specific primers (Basic Protocol 1) Assembly subpool-specific primers (Basic Protocol 1) UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977-023) Phusion high-fidelity DNA polymerase (New England Biolabs, cat. no. M0530L) containing: 5× Phusion HF Reaction buffer dNTP solution mix (Enzymatics, cat. no. N205L) QIAquick 96 PCR purification kit (QIAGEN, cat. no. 28183) EB buffer (10 mM Tris·Cl, pH 8.5) Galaxy microcentrifuge with 1.5-ml, 2.0-ml, and 0.2-ml tube adapters (VWR, cat. no. 37000-700) Vortex mixer (VWR International, DNA resuspension and dilution 1. DNA synthesized on Agilent OLS arrays is shipped lyophilized in a microcentrifuge tube. Before opening the tube, centrifuge it for 1 min at maximum speed, room temperature, in a microcentrifuge. 2. Add 500 μl 1× TE buffer to the lyophilized DNA. Vortex thoroughly for 5 sec, then briefly centrifuge 5 sec at ∼2000 × g, room temperature, to spin down liquid.
3. Make mixes of primers by diluting the appropriate plate and assembly subpoolspecific primer pairs to 5 μM in DNase/RNase-free water. 
ENZYMATIC REMOVAL OF PRIMING SITES
After the second amplification, the subpools still have their subpool-specific priming sites. These must be removed before assemblies can be built. It is for this purpose that each oligo contains a BtsI recognition sequence (GCAGTG) between the assembly subpool priming site and the coding region. BtsI, like other member of the type IIs family of restriction enzymes, cuts both strands completely outside of its recognition site (Pingoud and Jeltsch, 2001) . Consequently, processing with BtsI places no sequence restriction on the coding portion of the oligos. Other type IIs restriction enzyme sites may be used by adjusting the design parameters set in Basic Protocol 1.
Materials
UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977-023) BtsI (New England Biolabs, cat. no. R0614L) containing:
NEBuffer 4 BSA 96-well plate containing the assembly subpools (see Basic Protocol 2) MinElute 96 UF PCR purification kit (QIAGEN, cat. no. 28051) EB buffer (10 mM Tris·Cl, pH 8.5) Seal-Rite 1.5-ml microcentrifuge tubes (USA Scientific, cat. no. 1615-5500) Vortex Mixer (VWR International, Galaxy mini centrifuge with 1.5/2.0 ml and 0.2 ml tube adapters (VWR, cat. no. 37000-700) QIAvac 96 (QIAGEN, cat. no. 19504) 96-reaction thermal cycler (BioRad, cat. no. 186-1096) 1. For each 96-well plate of cleaned-up assembly subpools to be processed, prepare the following master mix in a 1.5-ml tube:
145 μl distilled water 700 μl NEBuffer 4 (10×) 70 μl BSA (10 μg/μl) 85 μl BtsI (10 U/μl).
Vortex thoroughly for 5 sec, and then briefly centrifuge 5 sec ∼2000 × g, room temperature, to spin down liquid. 
ASSEMBLY OF PROCESSED SUBPOOLS INTO FULL-LENGTH CONSTRUCTS
Full-length assemblies are built from assembly subpools in two steps-assembly and amplification. The assembly stage consists of 15 thermal cycles with an annealing step consisting of a thermal ramp from 70 • C to 50 • C. The full-length assemblies are then selected by adding the appropriate construction primers and performing a 25-cycle PCR. In our experience, the more assembly subpool DNA in the assembly reaction, the more likely a full-length product is formed. Seal-Rite 1.5-ml microcentrifuge tubes (USA Scientific, cat. no. 1615-5500) Vortex mixer (VWR International, cat. no. 58816-121) Galaxy mini centrifuge with 1.5/2.0 ml and 0.2 ml tube adapters (VWR, cat. no. 37000-700) Microseal 96-well skirted low-profile PCR plates (BioRad, cat. no. MSP-9601) 96-Reaction thermal cycler (BioRad, cat. no. 186-1096) 5-ml tubes Assembly 1. Mix the forward and reverse construction primer pairs to 5 μM of each primer in water.
Materials
Construction primers
As with the subpool-specific primers, it is a good practice to first make primer storage stocks by diluting each primer to 100 μM in 1× TE buffer.
2. Working on ice, prepare the following master mix for each 96-well plate of assembly subpools in a 1.5-ml tube:
164 μl distilled water 400 μl Phusion HF reaction buffer (5×) 16 μl dNTPs (25 mM each) 20 μl Phusion polymerase (2 U/μl).
Vortex thoroughly for 5 sec, then briefly centrifuge 5 sec to spin down liquid.
We have also successfully used KOD Polymerase (EMD, cat. no. 71085-3) 
The annealing occurs as the temperature ramps from 70
• to 50
• C at 0.5 • C/sec. The 1-sec step provides the starting point for the ramp.
Assembly amplification
6. Working on ice, prepare the following master mix for each 96-well plate of assembly subpools in a 5-ml tube:
3.31 ml distilled water 1 ml Phusion HF reaction buffer (5×) 40 μl dNTPs (25 mM each) 50 μl Phusion polymerase (2 U/μl).
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SUPPORT PROTOCOL
GEL-STAB PCR
Assembly amplification, particularly that of GC-rich or repetitive constructs, sometimes results in side-products of the wrong size (typically smaller than the construct). If there is substantial yield of the full-length assembly, then it can be purified using agarose gel isolation. However, in rare cases the full-length assembly forms only a faint band on an agarose gel. This protocol describes a simple technique for selectively re-amplifying the correct assembly product from a large background of incorrect assemblies.
Materials
Assembly amplification product (see Basic Protocol 4) 2% E-Gel EX gel (Invitrogen, cat. no. G4020-02) 1-Kb Plus DNA ladder (Invitrogen, cat. no. 10787-018) UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977-023) Appropriate construction primers Phusion high-fidelity DNA polymerase (New England Biolabs, cat. no. M0530L) containing: HF reaction buffer dNTP solution mix (Enzymatics, cat. no. N205L) QIAquick PCR purification kit (QIAGEN, cat. no. 28104) E-Gel iBase power system (Invitrogen, cat. no. G6400) Thin metal edge or E-Gel opener (Invitrogen, cat. no. G5300-01) Safe Imager 2.0 blue light transilluminator (Invitrogen, cat. no. G6600) Seal-Rite 1.5-ml microcentrifuge tubes (USA Scientific, cat. no. 1615-5500) 10-or 20-μl pipet tips 0.2-ml PCR tubes with flat caps (BioRad, cat. no. TFI-0201) Galaxy mini centrifuge with 1.5/2.0-ml and 0.2-ml tube adapters (VWR, cat. no.
37000-700)
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Vortex mixer (VWR International, 96-Reaction thermal cycler (BioRad, cat. no. 186-1096) 1. Following the manufacturer's instructions, load 1 to 5 μl of the assembly amplification product and 5 μl of the 1-Kb Plus ladder in separate wells of a 2% E-Gel EX and run on the E-Gel base.
Traditional agarose gels work, as well as the precast gels, but the amount of DNA loaded may have to be adjusted to account for the differences in gel geometry and the dye used.
2. Using a thin metal edge or an E-Gel opener carefully remove the top plastic cover of the gel cassette.
3. Place the gel on a blue light transilluminator. Add 20 μl water into a 1.5-ml tube. Stab the band that corresponds to the desired assembly product with a sterile 10-or 20-μl pipet tip. Look at the tip to make sure a small slice of the gel is stuck in the tip. Pipet up and down in the water using the same pipet tip. Look at the tip again to make sure that the gel that was stuck there is gone.
4. Heat the water containing the gel slice to 65 • C for 15 to 30 min.
5. Combine the following in a 0.2-ml PCR tube:
4.6 μl distilled water 1 μl water containing the gel isolate 2 μl appropriate construction primers (5 μM each primer) 4 μl Phusion HF Reaction Buffer (5×) 0.2 μl dNTPs (25 mM each) 0.2 μl Phusion polymerase (2 U/μl).
Vortex thoroughly for 5 sec, and then briefly centrifuge for 5 sec at room temperature, to spin down liquid. 7. Cleanup the reaction using a QIAquick kit following the manufacturer's instructions.
COMMENTARY Background Information
There is a large and fairly mature set of techniques for building genetic constructs without relying on a pre-existing template, including methods for chemically synthesizing short oligonucleotides (Michelson and Todd, 1955; Letsinger and Mahadevan, 1965; Brown, 1993) , for using enzymes to fuse the oligonucleotides into long double-stranded fragments (Agarwal et al., 1970; Rossi et al., 1982; Li and Elledge, 2007; Gibson et al., 2009) , and for performing in vivo assembly of genome-scale fragments in recombinogenic organisms such as S. cerevisiae (Gibson, 2009; Shao et al., 2009 ). Unfortunately, high costs hinder the widespread adoption of de novo synthesis, primary among them the cost of chemically synthesizing singlestranded oligonucleotides. The maturation of a number of technologies that allow parallel synthesis of thousands or millions of oligonucleotide on solid surfaces (DNA chips) has reduced oligonucleotide cost more than 100-fold over the past decade (Carlson, 2003; Gene Assembly from ChipSynthesized Oligonucleotides
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Volume 4 Church, 2009). Contrary to the expectations of many, and despite a number of proof-ofconcept publications (Tian et al., 2004; Zhou et al., 2004; Binkowski et al., 2005) , the advent of commercially available DNA chips did not catalyze a widespread drop in the cost of synthesizing double-stranded gene-length fragments.
The three factors that until recently inhibited the adoption of DNA off chips for gene synthesis were the high chemical complexity of the resulting DNA pool, the oligonucleotide error rates, and the low synthesis yields. Chemical complexity refers to the fact that while tens of thousands of oligonucleotide species are synthesized in parallel on the same surface, only 5 to 50 are needed to build any particular gene-sized double-stranded fragment. At typical DNA chip synthesis scales, performing enzymatic assembly of a subset of oligonucletides in the presence of the unrelated species is difficult or impossible (Borovkov et al., 2010) . Physical separation of DNA off a chip into subsets of oligonucleotides has recently been achieved using microfluidics Lee et al., 2010; Quan et al., 2011) , beads in picotiter plates (Matzas et al., 2010) , and barcode PCR (Kosuri et al., 2010) . The second problem, high error rates, is important because having more errors raises costs by increasing the amount of screening needed to isolate error-free constructs. Offchip oligonucleotides typically have an error rate of 1/25 to 1/50 errors/bases, while lowthroughput synthesis on controlled pore glass beads results in an error rate of 1/200 to 1/500. Here, too, there has been much recent progress, including improvements in the chemical synthesis process , advances in enzyme-mediated error depletion (Carr et al., 2004; Binkowski et al., 2005; Fuhrmann et al., 2005; Bang and Church, 2007; Kosuri et al., 2010; Quan et al., 2011) , and the integration of high-throughput sequencing and synthesis for direct error screening (Matzas et al., 2010) . The last challenge has been the low yields achieved with on-chip synthesis, which make it difficult to assemble the synthesized oligonucleotides into gene-length fragments. The microfluidic-based methods described above solve this problem by increasing the DNA concentration through low assembly reaction volumes. In contrast, our subpoolbased technique achieves high concentrations through selective PCR amplification.
The workflow we presented in this set of protocols relies on the ability to PCR amplify a small subset of oligonucleotides out of a large background of DNA. To prevent hybridization of primers to the wrong priming sites we designed a set of 3000 orthogonal primer pairs (Kosuri et al., 2010) . The method, in brief, was as follows: first, we searched the set of 240,000 orthogonal 25-mers designed by Xu et al. (2009) for 20-base windows that lack commonly used restriction enzyme sites and have a melting temperature of 60
• to 64
• C (SantaLucia, 1998; SantaLucia and Hicks, 2004) . The resulting sequences were culled of any pairs that cross-hybridize using a modified version of the AutoDimer tool, a library-on-library BLAT search, and, finally, a BLAST-based network elimination algorithm (Kent, 2002; Vallone and Butler, 2004; Xu et al., 2009) . Next, we used UNAFold to select only the sequences with a secondary structure with a G ≤ −2 (Markham and Zuker, 2008) . The selected sequences were clustered using ClustalW2, and 6000 sequences were selected such that they were maximally spread out on the resulting phylogenetic tree (Larkin et al., 2007) . Finally, 3000 primer pairs were generated by matching the sequences on their melting temperature and propensity to form primer-dimers.
Critical Parameters
DNA synthesis
A number of manufacturers sell custom DNA microarrays, and differences between their synthesis methodologies result in differences in the oligo error rates. The error rate affects two key aspects of the gene synthesis process. First, a high error rate means a larger fraction of the synthesized genes will have an error. This directly increases the cost, as constructs must be screened by low-throughput sequencing until a perfect clone is found. A high error rate also makes it more difficult to synthesize longer oligos. Longer oligos are advantageous, as they reduce the complexity of the synthesis reaction by reducing the number of individual DNA pieces that must be put together in order to build a gene of a particular size. Most of our experience with the set of protocols provided in this unit comes from working with Agilent Technologies' Oligo Library Synthesis (OLS) platform, which can synthesize oligonucleotide 100-to 200-bp in length with an error rate on the order of 1/500 errors/bp (Kosuri et al., 2010; Leproust et al., 2010) . Because the OLS platform is still under development, OLS pools are not yet widely sold. However, laboratories can gain access to them by signing a material transfer agreement It is useful to keep in mind that DNA from microarrays is one of the cheapest reagents in the synthesis process. Therefore, in the interest of rapid prototyping, it often makes sense to waste synthesis capacity rather than trying to design enough constructs to fill up all features on the chip. Unfortunately, subpool-specific and construction primers are expensive because they must be synthesized using lowthroughput methods. However, primer synthesis yields are typically in excess of what is needed to process a single set of assemblies, so the primers can be used to process multiple DNA chips.
Construct design
If the constructs being built encode proteins, then there are many possible ways to reverse-translate the amino acid sequence (Welch et al., 2009b) . One consideration when choosing among synonymous codons is the natural codon bias within the genome of organism that will express the protein (Gustafsson et al., 2004) . Similarly, studies in Escherichia coli revealed that using codons that are most highly charged during amino acid starvation leads to significantly higher levels of protein expression (Welch et al., 2009a) . The second variable to take into account when designing constructs is the propensity of the resulting DNA to form secondary structures that interfere with polymerase-based assembly methods. Despite our efforts to optimize the robustness of our assembly protocol, the reaction will fail often if the construct being built is highly GC-rich or repetitive. For designing protein-coding DNA sequences, we recommend GeneDesign, a Web-based sequence manipulation environment that allows facile manipulation of codon usage, GC-bias, restriction site placement, and other design parameters (Richardson et al., 2010) .
Downstream processing
An assembly reaction produces a heterogeneous population of molecules, some of which contain point mutations or structural rearrangements, such as large deletions or insertions. If error-free constructs are needed, then the assemblies must be cloned and screened by sequencing. If the constructs are to be used in a screen or selection, then it may be possible to use the heterogeneous assembly products directly. Error rates can be reduced by creating mismatches by melting and reannealing the assemblies and depleting heteroduplexes by a MutS pulldown (Carr et al., 2004; Binkowski et al., 2005) or cleavage with resolvases (Fuhrmann et al., 2005; Bang and Church, 2007) . Assemblies with frame-shift mutations can be screened for by cloning them in-frame to a downstream lacZ fragment or fluorescent protein (Cronan et al., 1988; Kim et al., 2010) . Error rates can be estimated by building control fluorescent protein assemblies, which allow the error rate to be estimated by counting colonies or performing flow cytometry. Such protein function assays give an accurate error rate estimate if most errors are deletions and insertions. However, due to the degeneracy of the genetic code and the stability of protein function in the face of some residue substitutions, function-based screens underestimate the error rate if there are many transitions and transversions.
Troubleshooting
No assembly products or products that are too short Assembly of GC-rich or repetitive sequences sometimes proves challenging. We have found that most of the time this problem can be solved by increasing the amount of processed assembly subpool DNA added to the assembly reaction. At 5 to 20 ng/μl, the highest assembly subpool concentrations tested, we were able to get a correctly sized band for ∼95% of the difficult templates tested (Kosuri et al., 2010) . Assembly reactions can be further optimized by introducing PCR additives that increase specificity and reduce DNA secondary structure, such as betaine and dimethyl sulfoxide (DMSO; Winship, 1989; Henke et al., 1997) . Similarly, varying annealing temperature or the concentrations of magnesium ions and deoxynucleotides may alter PCR performance (Cobb and Clarkson, 1994; Roux, 1995) .
Assembly results in short side-products
Gel-isolate the band of the correct size and re-amplify using the appropriate construction primers (see Support Protocol).
Assembly results in high-molecular-weight smears
This is typically caused by "overamplifying" the template, which happens when PCR primers run out, causing the amplicon molecules to generate long fusions by mispriming off each other (Bell and DeMarini, 1991) . This can be avoided by decreasing the number of amplification cycles, increasing the concentration of construction primers, decreasing the amount of post-assembly DNA added to the assembly amplification reaction, shortening extension times, or optimizing PCR specificity as described in the section on troubleshooting a lack of assembly products.
Synthesized genes have high error rates
Errors can be introduced during the chemical synthesis of DNA on a chip or at any of the subsequent enzymatic steps. Sequencing at various points of the synthesis workflow may help detect the processes that introduce the most error. Error detection or depletion techniques can be introduced after the assembly amplification step, some of which are described in greater detail within the Downstream processing section of Critical Parameters.
Loss of DNA during reaction cleanups
Our protocols rely on using QIAGEN's column-based PCR cleanups that have reduced recovery of double-stranded DNA shorter than 100 bp, and no recovery of DNA shorter than 40 bp. It is important to keep track of how the DNA length changes at each step of the protocol, as it decreases after both the assembly subpool amplification and the BtsI digest. If DNA is lost during cleanups in a size-dependent manner, then it is best to switch to either a different column-based cleanup kit or to use alternative methods such as magnetic beads (Hawkins et al., 1994; Rudi et al., 1997; Wiley et al., 2009 ).
Anticipated Results
Basic Protocol 1 will generate a FASTA file with the sequences of the oligonucleotides that need to be synthesized on the DNA chip. After the oligonucleotides have been synthesized and cleaved off the array surface, they will be amplified first into plate subpool and then into assembly subpools, as described in Basic Protocol 2. Running each sample out on an agarose or a polyacrylamide gel should result only bands that correspond to the expected lengths of the DNA species in each subpool. Note assembly subpools will be shorter than the plate subpools because plate-specific priming sites flank the assembly-specific priming sites. Basic Protocol 3 will result in the removal of the assembly-specific priming sites.
Gel electrophoresis will reveal bands corresponding to the cleaved-off priming sites, the members of the assembly subpool with the priming sites removed, and partially digested DNA cut on just one of the two sides. Basic Protocol 4 should result in full-length assemblies, some of which may have to be gelisolated or, if the assembly amplification yields were low, re-amplified from a gel-isolated sample. The constructs are ready to be used for downstream applications once they produce a single band of the expected size when resolved by gel electrophoresis.
Time Considerations
Going from a list of sequences to be built to a chip design should take a couple of hours. Once both the DNA chip and the amplification primers have been synthesized, the synthesis process should take 1 to 2 days, though assembling a large number of constructs will increase the amount of time spent setting up reactions (and, conversely, automation will reduce it significantly). Post-assembly gelisolation and re-amplification typically add an additional day of work.
